Background: Database research is being used in orthopaedic literature with increased regularity. The main limitation of database research is the absence of diagnosis and treatment verification afforded by medical chart review. This absence may limit the accuracy of some conclusions and recommendations produced by database research.
Database research is being used in orthopaedic literature with increased regularity. [10] [11] [12] [13] [14] 18, 20 The benefit of this type of research is the ability to quickly identify a large cohort of patients with a given condition and evaluate treatment outcomes. This process is usually accomplished with diagnostic or procedural codes from large health care administrative databases. [5] [6] [7] Numerous applications of database research are seen throughout the orthopaedic literature, especially in the examination of changes in treatment patterns. 1, 4, 8 For example, one study described an increase in the annual incidence of primary or revision anterior cruciate ligament reconstruction (ACLR) surgery in a large population of privately insured patients. 4 An additional study used the PearlDiver Patient Record Database to demonstrate an increase in the number of meniscal repairs performed in the United States over a 7-year period, although it is uncertain if all cases represented primary meniscal repairs. 1 The main limitation of database research is the absence of diagnosis and treatment verification afforded by medical chart review. This absence may limit the accuracy of some conclusions and recommendations produced by database research. The purpose of this study was to describe the accuracy of one database (Rochester Epidemiology Project [REP] ) used in orthopaedic research and to investigate potential limitations of database research. The hypothesis tested was that diagnostic codes alone may overestimate 
METHODS
A population-based historical cohort study was performed with the REP database in Olmsted County, Minnesota, USA, which had a population of 144,260 in 2010. Briefly, the REP is a medical record linkage system that provides access to the complete medical records for all residents of Olmsted County, regardless of the medical facility in which the care was delivered. 15 This information is derived directly from physician-determined diagnostic codes and compiles comprehensive diagnostic and procedural information from all medical centers in Olmsted County into 1 database. This population-based setting allows essentially complete ascertainment and follow-up of all clinically diagnosed cases of ACL tears in a geographically defined community and provides the ability to access original medical records for confirmation of diagnosis and treatment. Given the geographic isolation of Olmsted County from other large urban centers and the availability of health care providers, most residents receive care within Olmsted County, which allows uninterrupted natural history studies. 15, 17 All subjects were residents of Olmsted County and had International Classification of Diseases, Ninth Revision (ICD-9), diagnosis codes consistent with anterior cruciate ligament tears (844.2, 717.83) between January 1, 1990, and December 31, 2010. This search identified 3494 potential subjects who had diagnostic codes positive for an ACL tear. The medical records of all subjects were reviewed in detail to confirm the accuracy of diagnostic code. There were 2 possible outcomes from chart review. First, subjects had positive ACL diagnostic codes and were confirmed to have an ACL tear. Second, patients had positive ACL diagnostic codes but were found not to have an ACL tear. Magnetic resonance imaging (MRI) was available in 95% of cases and was read by a musculoskeletal radiologist or general radiologist, and the images were reviewed by the primary author. An isolated ACL tear was defined as not occurring with a concomitant ligament injury that required surgery; however, ACL tears with medial collateral ligament sprains treated nonoperatively were included. ACL tears with concomitant meniscus or articular cartilage injury were also included. Institutional Review Board approval was obtained for this study from all medical institutions in Olmsted County, including the Mayo Clinic and Olmsted Medical Center.
RESULTS
The final study cohort consisted of 2288 isolated ACL tears during the study period, which represents a diagnostic accuracy (positive predictive value) of 65.5% (2288 of 3494). There were 1841 patients (52.7%) diagnosed with an ACL tear within 1 year of injury and an additional 447 (12.8%) diagnosed .1 year after injury.
Thirty-nine patients (1.1%) had a partial ACL tear diagnosed on MRI, and 24 (0.7%) had an ACLR before the study period but had a diagnostic code consistent with an ACL tear. Forty-eight patients (1.4%) had an isolated posterior cruciate ligament tear diagnosed, and 22 (0.6%) had a combined ACL-posterior cruciate ligament injury. Although these patients did not have an isolated ACL tear, their ACL coding was accurate. Therefore, inclusion of all patients with an ACL tear combined with a posterior cruciate ligament tear, previous ACLR, or ACL equivalent (partial ACL tear) increased the diagnostic accuracy to 67.9% (2373 of 3494). Table 1 presents the diagnoses of all patients in our study.
The remaining 1073 patients (30.7%) who had diagnostic codes consistent with an ACL tear did not have a cruciate ligament injury. This included 21 patients with a diagnosed fracture of the tibia or femur. The remaining patients were inappropriately coded with an ACL tear and were instead given a diagnosis of knee contusions/ sprains (65%), isolated meniscal tear (15%), isolated collateral ligament injury (10%), patellar dislocation (5%), knee synovitis (2%), tibia eminence/plateau fractures (1%), extensor mechanism injury (1%), or femur fracture (1%) ( Table 2 ). The majority of these incorrect diagnosis codes were entered by primary care physicians as well as a substantial number by emergency medicine and physical medicine and rehabilitation providers. Incorrect diagnosis codes were also entered by orthopaedic surgeons (Table 3) .
DISCUSSION
The most significant finding of this study was the relatively low accuracy of diagnostic codes alone for identification of an ACL tear, which likely indicates that some ACL tears are not always a conspicuous diagnosis. In this cohort, an ACL tear was correctly identified in only two-thirds of all cases. The most commonly encountered scenario for inaccurate coding was an initial diagnosis made by a primary care physician. However, misdiagnosis also occurred by emergency medicine providers before advanced imaging, orthopaedic surgeons, and other providers who specialize in the musculoskeletal physical examination. These errors further occurred after an initial consultation and before MRI scanning. The presence of knee effusion and patient guarding during the physical examination likely make standard examination maneuvers (Lachman, anterior drawer, pivot shift) less sensitive for an ACL tear. Therefore, physicians often made an initial diagnosis based on mechanism of injury and clinical history rather than confirmatory physical examination findings. This database includes diagnostic codes for all physicians regardless of specialty or familiarity with musculoskeletal injuries, likely making it prone to a high rate of inaccurate coding from an initial encounter.
Database studies have often relied on ICD-9 codes to identify patient cohorts. 11, 19 One administrative database study reported a significant increase in the incidence of ACLR between 1994 and 2007 according to ICD-9 diagnosis codes. 11 However, the authors noted that they could not directly differentiate between anterior and posterior cruciate ligament reconstructions, as Current Procedural Terminology (CPT) codes were not available. 11 Thus, their findings likely represented an overestimation of the true ACLR incidence. Likewise, multiple studies found a substantial increase in ACLR over a 2-to 3-decade period but noted that using ICD-9 diagnosis codes alone may have overestimated the true incidence of ACLR. 3, 10, 12 A similar study based on diagnosis codes from the ICD-10 (ie, 10th revision, Australian modification) reported the potential overestimation of ACLR incidence owing to the lack of specificity of codes to the anterior cruciate ligament alone. 21 The most common reasons for overestimating the incidence of ACL injury are inaccurate diagnosis (often based on initial presentation before advance imaging), incorrect entry into the database, and the lack of specificity of codes for ACL injury. Based on the results of this study, using diagnostic codes alone would have resulted in a significant overestimation of the incidence of ACL injury.
In contrast to this, the use of ICD codes for determining incidence may also underestimate true values. One study utilized the National Electronic Injury Surveillance System to identify patients presenting to the emergency room after a patellar dislocation. This study reported that the annual incidence of patellar dislocation was 2.9 per 100,000 person-years in the United States. 19 However, an additional study that identified patients in a geographically determined population reported a patellar dislocation incidence of 23.2 per 100,000 person-years (10 times higher) after verification of the diagnosis with medical chart review. 16 Bedard et al 2 examined the accuracies of ICD code searches in multiple common databases, including the National Surgical Quality Improvement Program, the Nationwide Inpatient Sample, the Medicare Standard Analytic Files, and the Humana Administrative Claims database. They found significant variability in the prevalence of surgical complications after orthopaedic procedures across the various databases and especially noted multiple underestimations of the Nationwide Inpatient Sample as compared with other databases.
It is important to note that the current study is unable to detect these potential underestimates. Database information may underestimate outcomes or diagnoses when the ability to capture information is limited. For example, limiting data entry to certain specialties of providers or different definitions of postoperative complications can underestimate true values. Additional database studies used CPT codes to identify patients who received surgical treatment. 4, 7, 8 An administrative database study of insured patients demonstrated a significant increase in the incidence of ACLR between 2001 and 2005. 4 A similar study with the PearlDiver database reported a significant increase in the incidence of ACLR between 2004 and 2009. The value of these studies is that they demonstrate an increase in the number of ACLRs performed each year in the United States, which may be helpful for national resource allocation. However, in the absence of medical chart review, these studies cannot differentiate among a primary ACLR, a revision ACLR, and a contralateral ACLR, which are all included as primary events. Similarly, these studies cannot determine if ACLR occurred after an acute ACL tear or for a patient with chronic ACL deficiency. The magnitude at which this limitation affects the results reported is unknown. Additionally, these studies provide no information on the incidence of ACL injury. One study of a geographically determined population demonstrated that although the rate of ACLR increased significantly, the incidence of ACL injury decreased slightly in males and remained relatively unchanged in females over a 21-year observation period. 15 Database information is likely most accurate when direct access to medical records is available. One series that reported complications among 784 patients after surgical treatment of distal biceps ruptures identified patients according to specific diagnosis search terms (instead of ICD-9 or CPT codes) in a large health care database. 6 These authors confirmed the complications with manual chart review, although they did not mention the accuracy of the diagnosis search terms used in the study to identify patients. 6 George et al 9 used ICD-9 codes to study the growth in obesity among patients after primary total knee arthroplasty or total hip arthroplasty. They found that using diagnostic codes alone overestimated the growth of obesity in total hip/knee arthroplasty by 5 to 8 times as compared with review of body mass index in medical records. The authors concluded that studies based on large databases should be interpreted with caution because of the low coding accuracy found in their review. Additionally, the REP is a population-based health care database that allows researchers to directly review patient medical records, and it has been used in a variety of orthopaedic research. 17 Conclusions made from database investigation should be validated by other research designs. Additionally, statistical differences reported from large samples may not be reflective of clinical significance.
Researchers should recognize that each health care database has unique attributes that may be well suited to answer a specific type of study question. For example, large administrative databases without the ability to review medical records, such as the PearlDiver database, are likely to be effective in reporting national trends in surgical treatment patterns and health care resource utilization. 1, 4 In contrast, the Kaiser Permanente database is a large administrative database that has the potential for medical chart review, and it may be better suited to report the outcomes and complications of surgical treatment. 6 Finally, the REP is a population-based health care database (also with the potential for medical chart review) and may be well suited to help answer epidemiologic questions with the ability to study a geographically defined population. Researchers should continue to improve database methodology and ensure accurate recording of information, which will improve the utility for orthopaedic surgeons.
The results from this study should be taken with the following limitations. The accuracy for identification of ACL tears in this cohort is specific to the REP and may not be reflective of the diagnostic accuracy of other health care databases. The injury patterns in this geographic region may not be generalizable to other populations. Additionally, MRI verification was not available in 5% of cases. Limiting the study inclusion to only patients with an MRI scan would likely increase the diagnostic accuracy; however, it would not accurately capture the true coding patterns in this database. Patients with ACL tears who were not appropriately identified by a physician were not captured in this study, thereby limiting our ability to record false-negative diagnoses. The accuracy of diagnostic codes presented applies only to ACL tears in a single database and may not be representative of the coding accuracy of other orthopaedic injuries. In addition, patients move in and out of Olmsted County, which may affect the outcomes of this study. Despite these, the population-based design and verification of diagnosis by chart review allowed this study to identify true ACL injuries with a high degree of accuracy.
CONCLUSION
This study demonstrates low accuracy when diagnostic codes are used alone to identify an ACL tear. Database studies offer unique benefits to medical literature, but limitations of these studies should be taken into account when these data are used to counsel patients, dictate clinical management, or make health care policy decisions. Information from a health care database is most accurate when accompanied by verification of diagnosis, treatment, and outcomes with medical chart review. The results of this study can be useful to draw meaningful conclusions from database research. 
